Antigenicities of several formalin-detoxified botulinum neurotoxin preparations were measured by inhibition and sandwich enzyme-linked immunosorbent assay (ELISA), and immunogenicity was studied in mice. The toxoids were derived primarily from the serotype A 150-kDa neurotoxin protein, while one toxoid was derived from the naturally occurring 900-kDa toxin-hemagglutinin complex. Antigenicity was severely compromised in two commercially available toxoids. A variety of new toxoids were synthesized in-house by optimizing formaldehyde reaction conditions. Three of the resulting toxoids were found to be antigenically identical to the native toxin, as measured by inhibition ELISA, in spite of showing a reduction of toxicity by more than 100,000-fold. Sandwich ELISAs indicated that the in-house toxoids were two-to threefold less antigenic than the neurotoxin compared to commercial toxoids, which were about 100-fold less antigenic. Mice were immunized twice, on day 0 and day 14. By day 28, relatively high toxin-specific immunoglobulin G (IgG) titers were detected in animals that had received any of the in-house toxoids, with greater than 99% being IgG1 and the remainder being IgG2. These immunized mice remained asymptomatic after being challenged with 50 to 1,000,000 50% lethal dose (LD 50 ) units of the 900-kDa neurotoxin. In contrast, animals immunized with several different batches of commercially available toxoids did not develop measurable toxin-specific antibody titers. However, these mice survived neurotoxin challenges with 2 LD 50 units but died when challenged with 6 LD 50 units. Neutralizing titers measured from pools of sera generated with the in-house toxoid preparations ranged from 2.5 to 5 U/ml. In terms of predicting immunogenicity, inhibition ELISAs comparing each formalin toxoid to the parent toxin provided good insight for screening the new toxoids as well as for estimating their relative in vivo potencies. Inhibition ELISA data indicate that those toxoids that most closely resemble the native toxin are highly immunogenic and protective. The superior quality of these new toxoids makes them useful tools for continued use in ELISA development and for antitoxin production.
Isolates of Clostridium botulinum tend to produce one of seven structurally and genetically similar neurotoxins (13) . Although intoxication may occur if the microorganisms colonize the human intestine, botulism is considered a toxemia rather than an infection because the botulinum neurotoxin (BoNT) alone will cause the disease. BoNT serotypes A (BoNT/A), -B, and -E cause most human cases of botulism, while serotype F has caused only a few confirmed cases (30, 31) . BoNTs are bound to many nontoxic clostridial proteins, forming heterogeneous complexes of up to 900 kDa in mass. These complexes consist of one 150-kDa neurotoxin molecule, hemagglutinins (Hmgs) and a variety of other proteins (32) . The number and types of proteins associated with the neurotoxin vary with the C. botulinum strain (24) . Antibodies that recognize the Hmg and other nontoxic clostridial proteins do not prevent illness (16, 18) . Protective immunity is derived solely from antibodies that bind to the neurotoxin molecule itself (8) .
Vaccination is the only approach that can be used to prevent botulism. A pentavalent botulinum toxoid comprised of formalin-detoxified BoNT/A, -B, -C, -D, and -E Hmg complexes has been used to immunize laboratory and military personnel since 1961, but this has never been licensed by the U.S. FDA (8, 12, 27) . Outside of the United States, a collaboration among three major laboratories in Japan has recently led to the manufacture of a tetravalent botulinum toxoid for serotypes A, B, E, and F that is being used to immunize personnel who are at high risk of exposure to BoNTs (35) .
Vaccination immediately after toxin exposure has no protective benefit because the immune response is relatively slow compared to the rate of intoxication. The only drug treatment available after intoxication is antibody therapy, which entails the injection of equine-derived botulinum antitoxin (BAT) or human-derived botulinum immunoglobulin (Ig) to remove the toxin from the blood circulation (1, 3, 34) . Antibody therapy does not directly alleviate symptoms of botulism but can limit the amount of toxin that enters nerve terminals and thus may lessen the severity and shorten the duration of paralysis.
Since a vaccine can be used to either protect a human population or produce a BAT or human-derived botulinum Ig product, it is important to have reliable methods of evaluating the antigenic integrity of botulinum vaccines. An in vitro assay that can serve in this capacity could evaluate the consistency of the antigen throughout the manufacturing process, as well as generate correlate potency data that may reduce in vivo testing. This study was designed to characterize several formalin toxoids that were synthesized in-house to support the development of two enzyme-linked immunosorbent assay (ELISA) methods to characterize BoNT antigens. Data for several in-house C. botulinum toxoids in comparison with commercially available toxoids are reported here. Toxins and toxoids. Research-grade BoNT/A and BoNT/A formalin toxoids (150-kDa and 900-kDa forms) were purchased from Metabiologics, Inc. The 150-kDa neurotoxin had a specific toxicity of (2.6 to 3.0) ϫ 10 8 50% lethal dose (LD 50 ) units per mg of protein, whereas the 900-kDa complex had 3.0 ϫ 10 7 LD 50 units per mg of protein. The commercial toxoids were prepared in 0.5% formalin. For botulinum toxoid synthesis, BoNT/A (150 kDa) was diluted in phosphate-buffered saline (PBS) to a protein concentration of 0.16 mg/ml. In some cases, L-lysine ranging from 2 to 20 mM was added to PBS-toxin solutions. Buffered formalin was prepared by dissolving 60 mg of p-formaldehyde per ml of PBS and heating at 60°C for 45 min and was diluted into toxin-PBS solutions to produce a final formalin concentration of 0.08 to 0.50% (wt/vol). Reaction mixtures proceeded at 37°C without agitation until detoxification was complete. This typically required 1 (toxoid 0) to 5 (toxoid 3) weeks, depending on the formaldehyde concentration. Detoxification was semiquantified by an incremental process of injecting (intraperitoneally) 0.1 g of toxoid into a naïve mouse (ϳ25,000 LD 50 equivalents). If the animal remained asymptomatic, then another animal was injected with a higher toxoid dose. Several iterations of this process were performed to determine the level of active neurotoxin within a preparation of toxoid. The optimized toxoid preparation was 100,000 times less toxic than the parent toxin.
MATERIALS AND METHODS

Antibodies
ELISA methods. The inhibition ELISA (see Fig. 1 ) was performed by coating 96-well plates (Immulon 1B) with the 150-kDa neurotoxin (1 g/ml) overnight at room temperature. Plates were washed several times and blocked for at least 30 min using Tris-buffered saline buffer (0.5 M NaCl, 10 mM Tris, pH 7.4, 0.05% Triton X-100, 0.3% bovine serum albumin [BSA] , and 0.02% sodium azide). Serial twofold dilutions of equine BAT were prepared by using PBS containing 0.3% BSA. Each dilution was divided into four aliquots. The neurotoxin or toxoid was added to each of three sets of BAT dilutions. Neither the neurotoxin nor toxoid was added to control (BAT only) dilutions. After a 60-min incubation at room temperature, 50 l of each aliquot was transferred to neurotoxin-coated wells, followed by a 60-min incubation at room temperature. Wells were washed with Tris-buffered saline buffer, and then 50 l of anti-horse IgG conjugated to alkaline phosphatase was deposited in each well. After 30 min, plates were washed and an alkaline phosphatase substrate, p-nitrophenyl phosphate (SigmaAldrich), was added. Color development proceeded until a maximum optical density at 405 nm of around 1.0 was achieved for the wells, defining the upper plateau of the standard toxin curve.
Sandwich ELISA. Wells of microtiter plates were coated with 0.1 ml of purified rabbit anti-BoNT/A IgG at 2.5 g/ml in PBS (overnight at 37°C). Serial dilutions of neurotoxin or toxoids were applied to the IgG-coated wells. In one variation of the assay, biotinylated rabbit IgG and avidin conjugated to alkaline phosphatase were used to quantify the neurotoxin or toxoid bound to the ELISA plate. In a second variation of the assay, mouse antitoxin generated with toxoid 7 and anti-mouse alkaline phosphatase were used in place of biotinylated IgG and avidin. Both assay methods produced similar results.
Indirect ELISA for antibody titer determination. IgG, IgG1, and IgG2 were measured by coating microtiter plates with neurotoxin and applying serial twofold dilutions of mouse antiserum across the plate. Goat anti-mouse alkaline phosphatase was used to detect toxin-specific mouse IgG. ELISA titers are presented as the reciprocal of the dilution that produces 0.1 absorbance units (AU).
In vivo survival and immunogenicity. BALB/CAnNCr male mice (NCT, Frederick, MD) were used for all in vivo tests. All aspects of the experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (22) . The research had prior approval from the CBER Animal Care and Use Committee. Mice were injected twice (on days 0 and 14) by the subcutaneous route with 75 ng of antigen in 50 l PBS containing 0.2% alhydrogel (Accurate Chemical & Scientific Corp., Westbury, NY). Antigen was mixed with the adjuvant and incubated at room temperature for 60 min prior to injection. Serum was collected on day 28. Toxin-specific antibody titers were measured using an indirect ELISA, and passive immunization of mice was used to quantify neutralizing antibody titers. Protective immunity was assessed by directly challenging immunized mice with neurotoxin, using two or three mice per toxin challenge dose.
The mouse neutralization assay remains the standard assay used by the WHO to quantify functional antibody titers to BoNT (4, 14) . Serum collected from immunized mice was diluted into PBS and 0.2% BSA and combined with 3 ng or about 100 mouse LD 50 s of 900-kDa BoNT/A. The antiserum and toxin mixtures were incubated at room temperature for 1 to 2 h before being administered to mice (0.4 ml, intraperitoneally). The amount of immune serum that fully protected mice was used to calculate the neutralizing titer of the test serum.
Direct toxin challenge was performed on immunized mice by injecting measured quantities of 900-kDa neurotoxin in a volume of 0.4 ml PBS/BSA. For the first 8 hours, mice were observed hourly to identify early symptoms of botulism, such as narrowing of the waist, unusual gait, and rapid, shallow breathing. If symptoms did not develop during this initial time frame, mice were observed three times daily for up to 7 days. None of the botulinum toxoid-immunized mice developed symptoms following challenges of up to 1 million mouse LD 50 units. The potency of the toxin material used in both the neutralization assay and in the direct challenge assay was determined by injecting 0.5 LD 50 units and 2.0 LD 50 units of neurotoxin into two naïve mice. Mice that were exposed to 0.5 LD 50 units routinely developed minor, nonlethal symptoms of botulism, whereas the 2.0 LD 50 group died within 24 h. Data analysis. Optical density was measured using a GENios microplate reader and Magellan 4 software (Tecan U.S., Inc., Research Triangle Park, NC). Nonlinear regression analysis of data was performed using GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA). Error bars represent the standard deviation of triplicate values.
RESULTS
Toxoid preparation.
BoNT/A (150 kDa) was subjected to different concentrations of formaldehyde with or without lysine ( Table 1) . Toxoid 0 was generated by adding formaldehyde at a final concentration of 61 mM (0.5% formalin) with the toxin at 1 mg/ml. In order to reduce the severity of the detoxification reaction, subsequent botulinum toxoid preparations used less toxin protein (0.15 to 0.17 mg/ml) and lower concentrations of formaldehyde. Formaldehyde at 10 mM (toxoid 3) inactivated the neurotoxin over 4 to 6 weeks, reducing neurotoxicity by about 5 orders of magnitude. Formaldehyde at 20 mM (toxoid 7) or 40 mM (toxoid 8) inactivated the neurotoxin relatively rapidly, requiring only 11 days to reduce toxicity by about 100,000-and 200,000-fold, respectively. After 3 to 4 weeks, toxoid 7 and toxoid 8 were detoxified by more than 600,000-fold. The extent of detoxification was diminished when 5 mM of formaldehyde or 10 mM of formaldehyde in combination with 5 mM of lysine was used in the reaction. Even after 8 weeks of incubation at 37°C, BoNT/A was detoxified by only 2 to 3 orders of magnitude by these lower levels of free formaldehyde (toxoid 4 and toxoid 5). In vitro analyses. Using equine BAT, a semiquantitative inhibition ELISA was developed to assess the antigenic similarity between neurotoxin and formalin toxoids. In all cases regarding Fig. 1 , the native 150-kDa neurotoxin was adsorbed to 96-well plates and was detected using serial dilutions of equine BAT from 30 to 2,000 mU/ml. Inhibition analysis was performed by incubating BAT dilutions with known concentrations of soluble neurotoxin to define a standard titration curve or with formalin toxoid. The standard curve routinely produced a 50% effective concentration (EC 50 ) of approximately 290 mU/ml. Soluble neurotoxin in the range of 2 to 20 nM was required to incrementally inhibit BAT binding to the plate-adsorbed neurotoxin (Fig. 1A) . When the same experiment was performed using toxoid 3, the inhibition pattern was analogous to inhibition caused by the native neurotoxin (Fig.  1B) . Based on these results, toxoid 3 was antigenically identical to the native neurotoxin in spite of the formalin treatment (Table 1) . Toxoid 4 to toxoid 8 performed the same as toxoid 3 (data not shown). In contrast, a commercially available 150-kDa formalin toxoid at 50 to 500 nM generated partial inhibition of BAT binding (Fig. 1C) , which indicated that this toxoid retained 2% to 10% antigenic similarity to the native neurotoxin; i.e., epitopes common to the native neurotoxin are 10-to 50-fold less abundant on this commercial toxoid than on the new toxoids.
Inhibition ELISA analysis was repeated using commercially available 900-kDa Hmg toxin and Hmg toxoid (Fig. 1D and   1E ). The results show that while the biologically active Hmg toxin was antigenically very similar to the biologically active 150-kDa neurotoxin, the corresponding formalin Hmg toxoid was ineffective at blocking BAT binding. The most likely explanation is that the antigenicities of the commercially available 150-kDa toxoid and 900-kDa Hmg complex toxoid were severely compromised by the formalin detoxification process (Fig. 1B and 1E ). The abilities of polyclonal antibodies to recognize toxin-specific epitopes on the 900-kDa complex is not dramatically altered by the nontoxic proteins associated with the neurotoxin; however, formaldehyde treatment of the 900-kDa complex drastically diminished the abilities of antibodies to recognize these epitopes.
The inhibition ELISA was further refined by choosing a fixed concentration of equine BAT (Fig. 2) . The 150-kDa neurotoxin inhibited BAT binding to the plate-adsorbed neurotoxin, with a 50% inhibitory concentration (IC 50 ) of 3.5 Ϯ 2.0 nM and a slope of 1.0 Ϯ 0.4. The inhibition curves for toxoid 3, toxoid 7, and toxoid 8 are overlapping, with IC 50 s ranging between 5.3 to 6.6 nM and with slopes ranging from 0.88 to 0.94. The parallelism of all four curves indicates that toxinspecific epitopes are retained in the toxoids. The commercially available formalin toxoid has lost all toxin-specific epitopes when evaluated with this assay.
A sandwich ELISA was devised as an alternative to the inhibitory ELISA to assess the antigen quality (Fig. 3) . Biotinylated and nonbiotinylated rabbit anti-BoNT/A IgG were used to trap and detect the toxin and toxoids. BoNT/A was used to generate the standard curve, which had an EC 50 of 0.37 nM. The 150-kDa commercial toxoid at very high concentrations elicited only a modest rise in AU compared to the full titration curve generated by the native neurotoxin. Toxoid 0 did not produce a detectable signal over the background. The degree of disparity between these toxoids and the native BoNT/A could not be quantified other than to say that the commercial toxoid and toxoid 0 are several orders of magnitude less antigenic than the parent BoNT/A, using this assay. In contrast, toxoid 2 resembled BoNT/A, with an EC 50 of 1.9 nM. Toxoid 4 most closely resembled the parent toxin, with an EC 50 of 1.1 nM. However, toxoid 4 was detoxified by only about 99%, which was inadequate for follow-up animal immunization studies. Toxoid 3 had an EC 50 of 1.2 nM but was detoxified by about 10 5 -fold. Further improvement was achieved with toxoid 7 and toxoid 8, which had sandwich ELISA profiles identical to those of toxoid 3 but were each detoxified by greater than 600,000-fold (Table 1) . These in vitro results suggested that toxoid 3, toxoid 7, and toxoid 8 would be the most efficacious toxoids in vivo.
In vivo analyses. Immunogenicity was assessed for the different commercial toxoids, as well as for toxoid 3, toxoid 7, and toxoid 8 (Fig. 4B) (Table 1) . Interestingly, at 75 ng of antigen per immunization, the commercial toxoid failed to elicit measurable antibody titers (Fig. 4B) , whereas all of the in-house toxoids elicited elevated toxin-specific titers by day 28. The antibody pools generated by toxoid 3, toxoid 7, and toxoid 8 had ELISA titers of 8,900, 13,200, and 5,600, respectively (Fig. 4B) .
Several days after serum collection, the same animals were challenged with biologically active Hmg-BoNT/A complex. Mice immunized with the commercially available 150-kDa toxoid were able to survive a challenge of 2 LD 50 units of toxin but died when challenged with 6 LD 50 units (Fig. 4C) . Because of this result, two lots of the commercial 150-kDa toxoid and one lot of the 900-kDa Hmg toxoid were examined in a side-by-side immunogenicity trial, and none of these toxoids conferred protection when challenged with 5 LD 50 units. In stark contrast, toxoid 3-and toxoid 8-immunized mice survived all levels of toxin challenge, which were as high as 275,000 LD 50 units, and toxoid 7 mice survived 1 million LD 50 units (Fig. 4C ). Higher challenges were not performed. This experiment was later repeated by immunizing new groups of mice with the same botulinum toxoid batches. All botulinum toxoid-immunized mice remained healthy 7 days following toxin challenge.
Neutralizing antibody titers were measured for each of the 4-week serum pools using the standard mouse neutralization assay as described by the WHO (4). Serum pools generated using the commercially available toxoids could not be analyzed by this approach because antibody titers were too low to neutralize the test dose of toxin. Neutralization titers for the toxoids are summarized in Table 1 . Toxoid 7 generated the lowest protective titers, between 2.5 and 3.1 U/ml, whereas toxoid 3 elicited neutralizing titers of around 5 U/ml. Toxoid 8 titers were intermediate between toxoid 3 and toxoid 7. Subsequent immunogenicity trials have routinely elicited neutralizing titers between 2.5 and 5.5 U/ml 4 weeks after the primary immunization. For toxoid 3, toxoid 7, and toxoid 8, the IgG isotype content regularly showed that IgG1 was the predominant isotype, about 3 orders of magnitude greater than IgG2ab.
DISCUSSION
This study has demonstrated that formalin toxoids derived from the purified 150-kDa BoNT protein can elicit protective IgG titers that vary greatly depending on the reaction conditions used during detoxification. This effect was first demonstrated for tetanus and diphtheria toxoids and later with pertussis toxin (11, 21, 23, 25) . However, a systematic investigation to assess and optimize the quality of botulinum formalin toxoids has never been reported. In vitro and in vivo tests performed in this laboratory have shown that several new toxoids are nearly identical to the native toxin and appear to be immunogenically superior to other botulinum vaccines. The combined in vitro and in vivo results demonstrate that when a toxoid resembles the native toxin, it elicits very high protective antibody titers that effectively cross-recognize the native neurotoxin. On the other hand, if a toxoid does not resemble the native toxin by in vitro analysis, such as when formalin conditions are too harsh, then the toxoid elicits little, if any, protection in vivo. Toxin-specific immunogenicity, in fact, is quite poor in such instances.
The commercially available formalin botulinum toxoids tested were made by methods that are generally consistent with the manufacture of the pentavalent botulinum toxoid (7, 36) . The pentavalent toxoid consists of Hmg-BoNT complexes from five different BoNT serotypes, and consequently, less than 30% of the protein content within the original formulation is from neurotoxin protein, with the remaining 70% being comprised of contaminating nontoxic clostridial proteins. Only about 2 to 6% of the total protein in the pentavalent toxoid is from BoNT/A. Therefore, within the context of the present study, it was difficult to establish experimental conditions to directly compare the original pentavalent toxoid with the new toxoids.
Research-grade 900-kDa Hmg toxin was evaluated by inhibition ELISA and was found to be antigenically very similar to the 150-kDa neurotoxin. In contrast, the commercially available toxoids were found to be nearly devoid of toxin-specific epitopes. This is not surprising, since the Hmg proteins surround the neurotoxin molecule and protect BoNT from proteases in the gastrointestinal tract (24, 33) . Also, it is well known that formaldehyde cross-linking creates rigid covalent protein structures by both inter-and intramolecular bonds (9, 10, 20) . Therefore, detoxification with formalin most likely covalently linked the nontoxic clostridial Hmg proteins to the neurotoxin molecule and physically blocked toxin epitopes. Regardless of whether the antigen is derived from the Hmg toxin or the highly purified 150-kDa neurotoxin, inappropriate formaldehyde reaction conditions can chemically alter epitopes on proteins, exacerbating the degree of antigenic dissimilarity between toxoid and neurotoxin (19, 23, 25, 29) .
A review of the literature suggests that toxoid 3, toxoid 7, and toxoid 8 are superior to the pentavalent toxoid and a more recently described recombinant (C-fragment) botulinum vaccine (5, 6, 17) . Clayton et al. (6) reported the only direct comparison between the BoNT/A component in the pentavalent toxoid and that of the recombinant BoNT/A C-fragment vaccine. The authors showed that immunization with about 3 g of the A antigen, regardless of whether it was from the C fragment or the pentavalent toxoid, protected mice from a challenge with 100,000 LD 50 of toxin, which is about 3 g of 900-kDa Hmg toxin. Byrne et al. (5) tested a refined C-fragment vaccine and found that 1.5 to 2 g of antigen was required to generate protective titers to a challenge of about 3 g of active toxin. Other researchers have investigated whether the C fragment can act as a multivalent vaccine by various routes of administration, and more recently, a recombinant 150-kDa holotoxoid has been reported along with an alkylated neurotoxoid (2, 15, 26, 28) . However, in all of these cases, mice were immunized with relatively high doses of antigen, e.g., Ͼ4 g, over a protracted immunization schedule, and protective titers were assessed with relatively low challenge doses of toxin.
In spite of the difficulties in comparing the botulinum toxoid results with previously published immunization studies, the new botulinum toxoids appear to have outperformed the pentavalent and C-fragment antigen preparations. Immunization with a botulinum toxoid antigen dose of 0.15 g (75 ng ϫ two immunizations) elicited antibody titers that neutralized more than 100,000 LD 50 units. In fact, the 275,000 LD 50 challenge reported here is 9.1 g of Hmg toxin. The ratio of the toxin challenge dose to the vaccine dose (9.1 to 0.15) is 60-fold higher for the botulinum toxoids compared to either the Cfragment or pentavalent vaccine. In addition to the high protective activity elicited by the relatively low dose of botulinum toxoid, the protective antibody titers developed more rapidly than the literature reports for the pentavalent and C-fragment vaccines. All of the results consistently indicate that the botulinum toxoids are antigenically very similar to the native toxin, and as a result, the polyclonal response elicited by toxoid 3, toxoid 7, or toxoid 8 effectively neutralizes the native toxin. This also suggests that the C fragment and pentavalent toxoids elicit antibodies that do not cross-recognize the native neurotoxin as well.
The inhibition and sandwich ELISAs were used here to measure the antigenic content of several botulinum toxoids. The assays were originally developed to measure the relative similarity between the antigen and parent toxin as a quality control test for new botulinum vaccines intended for human use. In the current research, both ELISAs were critical research tools used to monitor the development and refinement of the botulinum toxoids. Prior to having these ELISAs, the only method available to assess new botulinum antigens was in vivo immunogenicity testing, which requires 1 month to immunize mice and more time to measure neutralizing antibody titers. In comparison, each ELISA analysis requires 6 h, and the resulting data approximate the in vivo potency of the various toxoids. The botulinum toxoids have been used to generate polyclonal antiserum that is now a standard assay reagent for the inhibition and sandwich ELISAs. In the future, we hope to use toxoid 7 to replace the active neurotoxin used in each ELISA. Aside from assay development, the new botulinum toxoids can be used in other capacities as well. For example, new epitopes previously missed due to poor or limited antigenicity of the original formalin toxoids might be identified. And a botulinum toxoid might prove to be safe and useful for creating a new equine-or human-derived BAT or as a nextgeneration botulism vaccine for general human use.
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